Introduction:
Acquiring sufficient knowledge to enable control of the dynamics of excitons produced in electrically and optically excited materials has been a goal of researchers for several decades. 1 Studies of the behaviour of excitons in nanoparticles, 2 quantum dots 3, 4 and polymers 5 have been particularly prominent recently. For organic materials, applications in organic photovoltaics (OPVs), organic light emitting diodes (OLEDs) and organic field effect transistors (OFETs) are being pursued vigorously. 1, 6, 7 Metalloporphyrins are particularly attractive as excitonically-active materials in photoexcited systems. 8, 9 Their absorption spectra span the visible spectrum and can be extended well into the near infrared by appropriate synthetic modification, thereby providing excellent solar energy capture possibilities. Porphyrinoids generally exhibit high intersystem crossing yields and unusually long triplet lifetimes in deoxygenated media, making them ideal for use in both sensitizer and upconversion applications. 10 Many fluoresce detectably from both their first and second excited singlet states, providing experimental access to their singlet exciton migration and decay kinetics in a variety of media and for a wide range of excitation wavelengths. 11 Triplet transient absorption information can usually be obtained straightforwardly, 10 and some heavy atom-containing species exhibit readily measurable phosphorescence even at room temperature, 12 thus allowing triplet exciton kinetic data to be secured.
A wide variety of multimeric porphyrins have been synthesized, often with a view to seeking insight into exciton migration and thus establishing useful structure-dynamics relationships. Both self-aggregated and covalently linked multimers have been examined. 13, 14 Prominent among stable covalently-bound materials examined to date are: (i) porphyrin tapes 15 In our laboratories, we have been particularly interested in the dynamic effects of the aggregation of exciton-carrying species, both in solution and in thin films, with particular emphasis on applications in non-coherent photon upconversion (NCPU) by triplet-triplet annihilation (TTA). 20, 21 In particular we have discovered that the efficiencies of TTA in zinc porphyrins, where S2 is the initially-produced upconverted state, are controlled by geometric factors not accounted for in simple Dexter, electron-exchange theory. 22 Surprisingly, these efficiencies are significantly diminished when upconversion occurs at the van der Waals separations normally found in ground state dimers, 23 and rise to an optimum when porphyrin substitution produces sufficient steric crowding to extend the interaction distance. 22 Our work on Ru(dmbpy)3-sensitized pendant diphenylanthracene (DPA) polymers 24, 25 has revealed a pathway for rapid triplet bi-exciton annihilation in single polymer chains.
Although a minor contributor to the overall exciton decay dynamics, this rapid bi-excitonic decay process reveals the possibility of designing multi-chromophoric polymers that produce upconverted electronic states on a time scale much faster than achievable by normal intermolecular exciton diffusion processes.
As part of a larger scale study of exciton dynamics in polymeric materials, we report here the photophysics of several pendant zinc porphyrin polymers synthesized in-house to reveal the structural designs that may be required to produce upconverted electronic states more rapidly than is possible by more conventional intermolecular triplet-triplet diffusional processes. We monitor the polymer exciton dynamics by observing transient triplet absorption, S1 fluorescence and S2 fluorescence produced by direct excitation and both interchain and intrachain TTA. The tethered photo-excited monomers and unsubstituted zinc tetraphenylporphyrin (ZnTPP) serve as model controls.
Experimental:

Materials:
Monomeric derivatives of ZnTPP and the polymers derived from them were all synthesized in-house using methodology that has been described previously. 26 Full synthesis and characterization details are provided in the Supporting Information. Briefly, three sets of -substituted zinc porphyrins and their pendant porphyrin polymers were synthesized; one using a para-substituted diphenyl ether link (and therefore not conjugated with the macrocycle), and two using meta-and para-substituted styrene links (both of which are conjugated with the macrocycle). The porphyrin polymers were synthesized by post-polymerization functionalization of a low polydispersity RAFT polymer to produce linear chains with an average 26-pendant porphyrin structure. The structures of the monomers used as model compounds and the polymers derived from them are shown in Scheme 1.
Scheme 1: Structures for the porphyrin polymers (pol) and monomer (mon) models synthesised and investigated. SL is styrene linked; EL is ether linked.
Techniques:
All experiments were performed at room temperature. Repeated freeze-pump-thaw cycles on a vacuum line were used when degassing was required. Descriptions of the controls and corrections used to obtain reproducible quantitative results from the spectroscopy and kinetics measurements are provided in the Supporting Information.
Absorption spectra were recorded on a Cary 6000i UV-Vis-NIR or a Varian Cary 50 Bio spectrophotometer using 10 mm or 1 mm pathlength quartz cells. Steady state fluorescence emission measurements and TTA-UC experiments were carried out using a custom-modified SPEX Fluorolog spectrofluorometer, as previously described. 27 Excitation sources were 405 nm and 532 nm cw lasers, the output of which passed through one of a set of neutral density filters on a filter wheel to obtain variable excitation powers. Excitation powers were measured at the cell face with a power meter. When required, a notch filter was employed to eliminate excitation scatter from the emission spectra. When comparing emission intensities, solute concentrations were adjusted to give nearly identical absorptivities at the excitation wavelength, and any small deviations from identical absorptivity were corrected by proportionation. Emission from the S2 state was corrected for reabsorption due to the stronglyoverlapping Soret absorption band by methods previously described. 28 Thin-film samples, some diluted by PMMA, were drop-cast from toluene on 2.5 cm glass discs that had been precleaned using a plasma cleaner. The TTA experiments on these samples were conducted by using the coated discs as the front-face window of an evacuable metal cell, with the sample on the high-vacuum side and intercepting the incoming laser beam at 45 o as previously described. 29 Nanosecond fluorescence lifetimes of the S1 states were measured by time-correlatedsingle-photon-counting using magic angle excitation of the sample by frequency doubled modelocked 400 nm pulses from a Ti:sapphire laser (Coherent, Mira) as described previously. 30 The instrument response function was obtained by scattering from a Ludox solution and exhibited a typical FWHM of ca. 50 ps.
Transient triplet spectra and decay kinetics were measured using an Edinburgh Instruments LP920 nanosecond flash photolysis system using the second harmonic output of a Qantel Brilliant B Nd:YAG laser for excitation (10 ns pulse width, λexc = 532 nm, 1.2 to 8.2 mJ pulse energy). 31 Full instrument and data analysis details are provided in the Supporting Information.
Results and Discussion:
The UV-visible absorption spectra of the p-ether-linked zinc porphyrin monomer, its corresponding polymer, and the model monomer ZnTPP, each in toluene, are shown in Figure   1 . Their measured molar absorptivities at the band maxima and at the 532 nm excitation wavelength used for many experiments are given in Table 1 . (Similar data for the other polymers and monomers are provided in the Supporting Information.) Note that the molar absorptivity of the polymer is given on a per pendant porphyrin basis, based on a mean of 26 pendants per polymer chain. The spectra shift slightly to the red and broaden when ZnTPP is tethered by -substitution of the pendant, and a slightly larger red shift and broadening is found in the polymer as compared with the monomer. However, of importance, there is very little evidence in the polymer absorption spectra of excitonic splitting due to electronic interactions among the pendant porphyrins. Figure 1 : UV-visible absorption spectra of the p-ether-linked polymer (blue dashed line), the pether-linked monomer (blue solid line) and the model monomer, ZnTPP (red) in toluene at concentrations of 2 μM at room temperature. The inset provides an expanded view of the Q band absorption. As described in the text, the polymer absorbance is per porphyrin pendant. Fluorescence quantum yields from both the S1 and S2 states when directly excited in the Soret band near 405 nm and from S1 when excited in the Q band at 532 nm are collected in Table 2 . Fluorescence from the three pendant porphyrin polymers and the corresponding monomers (in toluene) excited at 405 nm, all at the same absorbance. ZnTPP in toluene (red) is used as a reference for determining relative intensities. S 1 fluorescence spectra excited at 532 nm are given in Figure S4 in the Supporting Information. )/(2.303Aexc). # ZnTPP is used as an internal standard. Intensities are normalized to the same absorbance at the excitation wavelength when calculating the quantum yields. Data are from reference 32.
Note that the substituted monomers produce slightly smaller quantum yields of both S1
and S2 emission than ZnTPP, an effect that can be attributed to slightly increased rates of radiationless decay associated with substitution at the -position of the porphyrin macrocycle.
The corresponding polymers produce still smaller, but nevertheless readily measurable quantum yields of emission, again indicating that the ratios of the rates of radiationless to radiative decay become still larger in the polymers. Note also that the quantum yield of S1 fluorescence of the p-ether-linked monomer decreases by only a few percent when excited at 405 nm compared with 532 nm (absorbances are matched for each excitation wavelength), whereas for the corresponding polymer this decrease is about a factor of two. These important measurements indicate that: (i) like ZnTPP itself, 32 the S2 -S1 internal conversion efficiencies of the monomers are near unity, and (ii) in the pendant polymers self-quenching of the S2 excited states directly to the ground states accounts for about one half of the radiationless decay. A radiationless decay process that is not present in the -substituted monomers contributes strongly to the relaxation of the corresponding polymer (vide infra). ), yielding (UC, monomer/UC polymer) = 58.
These observations lead to two important conclusions. First, porphyrin polymers of the type examined in this study will be unsuitable for use as efficient dual absorber-upconverters in photon-activated systems; the yield of the upconverted S2 state is too small for efficient electronic energy or electron transfer to take place. Second, the linear power dependence of the upconverted steady-state emission in the polymer (but not the monomers) suggests that the mechanism of TTA in the polymer must differ from that which applies to the monomers. A linear power dependence of the upconverted emission intensity would normally be expected only if a large majority of triplets are consumed via TTA -usually seen only in the high power density limit. 20 Such is clearly not the case for the power densities used to obtain Figure 3B .
The nanosecond decay kinetics of the S1 states of all species were determined with 50 ps precision by time-correlated single photon counting of Q band fluorescence following ps pulsed laser excitation in the Soret band. Typical decay curves are shown in Figures 5 and S6 , and the decay parameters obtained from single and multi-exponential fits of the data are given in Table 3 . Note that the -linked monomers all exhibit identical monoexponential decays with lifetimes of 1.55 ns, slightly shorter than that of the unsubstituted compound, ZnTPP, as expected. Together with the S1 fluorescence quantum yield data of Table 2 , the substituted monomers yield values of the S1 radiative and non-radiative decay constants; kr = (1.5±0.2) x 
28, 30
Bi-exponential fits of the polymer fluorescence decay data are satisfactory and reveal a minor component similar to that of the monomer, ca. 1.55 ns, together with a major component of ca. 0.5 ns, roughly one third of the monomer's lifetime. These observations, together with data detailing the much lower net yields of triplets in the excited polymer (vide infra) suggest that a substantial fraction of the initially excited singlet states of the polymer decay directly to the ground state via one or more self-quenching mechanisms. Transient triplet spectra and triplet decay kinetics as a function of excitation power were measured for all samples in toluene and for several samples in THF. The triplet absorption spectra are shown in the Supporting Information ( Figure S8 ). Typical triplet temporal decay profiles, measured at the triplet absorption maximum near 470 nm are shown in Figure 6 , and a time-expanded view of the first few microseconds of the polymer decays at three different excitation powers is given in Figure 7 . The monomer triplet decays in degassed solution can be modeled satisfactorily by parallel kinetically first and second order (in triplet) processes, with the second order process, TTA, contributing only a small fraction of the overall triplet decay. In detail, the important steps in the kinetic mechanism for the monomer, (M), are as follows:
This kinetic scheme results in a combined 1 for the ZnTPP triplet at its absorption maximum of 470 nm. 34 This value of k2
suggests that the TTA process in the porphyrin model monomer is diffusion controlled. The rate constant for the production of the upconverted, unquenched S2 state would be ¼ of k2, as required by spin statistics and previously observed for ZnTPP in toluene. 33 The value of k1 is similar to those previously measured for other -monosubstituted ZnTPP triplets in degassed toluene. Table 4 . Two prominent differences are observed in the polymer vs. monomer triplet decay data.
First, the yields of polymer triplet are small -less than ca. 10% of the yields of the monomer triplet under the same excitation conditions. Second, the polymer triplet exhibits additional decay processes, absent in the monomer (cf. Supporting Information, Figure S9 ), that appear prominently in the first few microseconds of its decay. We propose the following mechanism to account for these interesting aspects of the polymer's triplet decay and the small triplet yield.
Consider Pn(X), a single polymer molecule, numbered n, for which one pendant is initially excited to its lowest excited singlet state. If isolated from other porphyrins such excited pendants may behave much like the excited monomers, fully solvated and relaxing primarily by intersystem crossing to the ground state as described by equation (1A) (cf. the following mechanism). However unlike the monomers, more than 90% of the polymer S1 decay must bypass T1, either by enhanced internal conversion, 1B, or by other mechanisms. Here, we suggest that an excited polymer pendant may interact with other neighbouring pendants on the same chain during its nanosecond lifetime as a result of rotation about the polymer backbone.
The excited species can thus be quenched rather efficiently by a transient intramolecular excimer-forming mechanism, as described by equations 2A and 2B, and similar to that previously observed by Fox and coworkers in other polymer systems. 36 Such a mechanism would be consistent with the lack of significant excitonic splitting in the polymer Soret spectra.
Such splitting would require constant interaction of the pendants given the sub-picosecond lifetimes of the S2 states. Finally, the excited polymer pendant may weakly interact with porphyrin pendants on other polymer molecules (or perhaps intramolecularly with nonadjacent pendants at folds 36 ) as described by equations 3A and 3B.
represents the decay route of an isolated excited singlet porphyrin pendant that yields the longest-lived and by far the largest fraction of the observed triplet decays (but accounts for less than 10% of the S1 decays). Equations 2A/2B and 3A/3B represent pairs of kinetically competitive pseudo-first order processes in which the yields of triplet are small (k2B >> k2A and k3B >> k3A) and which generate triplets that initially decay faster than those represented in equation 1A. Processes 1B, 2B and 3B account for the relatively small yields of triplets in the pendant porphyrin polymers. Thus this mechanism predicts that the observed triplets of the polymer will decay by three parallel kinetically first order processes, with the decays of the isolated triplets dominating. In non-coordinating solvents such as toluene, the triplet decay rate within process 1, i.e. P1(T1) → P1(S0), is k1 = 3.82 x 10 The yield of triplets is relatively small in the polymer, and only a tiny fraction of triplets in this scenario undergo TTA and produce observable upconverted S2 fluorescence (cf. Table S1 , Supporting Information). Thus, unlike the monomers, a second order annihilation process would have no observable effect on the polymer triplet decay kinetics as displayed by the transient triplet absorption experiments. However, the effect of solvation by coordinating solvents such as THF on the TTA rate is nevertheless seen in the reduction of the steady-state upconverted S2 emission intensity in degassed solutions. The coordinating solvent curtails the rate of the bi-excitonic interaction, largely involving the freely solvated pendants, but not others buried within the polymer structure.
Attempts were made to increase the yield of upconverted emission by performing similar sets of both CW and pulsed laser experiments on the monomers and their polymers in thin films. These films were drop-cast with and without the use of PMMA as a possible solute diluent, again using ZnTPP as a model. Typical data from CW-excitation are shown in Figure 10 .
Upconversion in the polymer was barely observable under any of the conditions employed and was difficult to reproduce. The results for the monomers were unremarkable and followed the trends established previously for ZnTPP in similar matrices. 
Conclusions:
The photophysical properties of three 26-pendant zinc porphyrin polymers have been Although all three polymers behave in a qualitatively similar fashion, they exhibit important differences compared with the set of three substituted monomers that serve as their pendants. S2 and S1 fluorescence quantum yields are smaller; S1 fluorescence decays are biexponential; triplet yields are much smaller; two additional rapid kinetically pseudo-first order triplet decay processes are observed. Rather than producing a near quantitative yield of triplets by intersystem crossing from S1 (as seen in the monomers), both the S2 and particularly the S1
states of the polymers decay directly to the ground state. These differences are consistent with the structures of the polymers and a consequence of dynamic exciton quenching processes occurring during the lifetimes of the electronically excited polymer species.
Consistent with the lack of excitonic splitting in their absorption spectra, the major decay routes of the initially excited polymers are attributed to dynamic processes -internal self-quenching of the excited singlets -occurring after electronic excitation. A small subset of initially excited polymers behaves like the monomers from which they are derived (e.g. 1.5 ns S1
fluorescence decay and 240 s triplet lifetimes), and this subset is assigned to molecules in which the exciton is confined to a single porphyrin pendant that interacts only with the surrounding solvent medium during its lifetime. A much larger fraction of singlet excited polymer decays directly to the ground state. During a polymer's S1 nanosecond lifetime, internal rotation of pendants about the polymer backbone can bring two adjacent porphyrins into electronic contact. Self-quenching by an excimeric mechanism is the result. A rapid (microsecond or sub-microsecond) decay process in a tiny minority of triplet states is a collateral consequence of this excimeric interaction. A third pseudo-first order process is also observed -perhaps accompanying self-quenching by large-amplitude motion of a single chain or by interchain interactions involving two convoluted polymer molecules. In any case, the yield of triplet states in the polymers is so small that intermolecular TTA contributes nothing observable to their overall triplet decay kinetics.
TTA can be observed in both fluid solutions and thin films, but the linear power dependence of the extremely weak S2 emission of the degassed polymers in all media (upconverted fluorescence quantum yield of the order of 10 -7 ) is unique. The upconverted emission intensity is reduced to zero in air, proving that triplets are involved, but its linear power dependence in degassed media suggests that the mechanism must be entirely different from the kinetically second order interspecies annihilation that occurs with the monomers and ZnTPP. The mechanism by which this linear power dependence is produced will be pursued in future experiments. For the present we can conclude that, irrespective of mechanism, the small yields of triplets and the tiny upconversion quantum yields demonstrate that polymers with freely moving porphyrin pendants such as these are not suitable for use as upconverters in photovoltaic or electroluminescent devices. Further synthetic control of the polymer structure to restrict mobility and excimeric interactions of the pendant porphyrin chromophores is one strategy that might address the low upconversion yields.
Supporting Information:
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacsxxxxxxx.
Detailed synthesis and characterization procedures, detailed description of photophysical instrumentation and measurement procedures, absorption and fluorescence spectra, S1 fluorescence decay profiles, upconversion power dependences, transient triplet spectra, monomer transient triplet decays on a microsecond time scale, quantum yields of S2 fluorescence resulting from non-coherent photon upconversion by triplet-triplet annihilation.
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